Background Iatrogenic spondylolisthesis is a challenging condition for spinal surgeons. Posterior surgery in these cases is complicated by poor anatomical landmarks, scar tissue adhesion of muscle and dural structures and difficult access to the intervertebral disc. Anterior interbody fusion provides an alternative treatment method, allowing indirect foraminal decompression, reliable disc clearance and implantation of large surface area implants. Materials and methods A retrospective chart review of patients with iatrogenic spondylolisthesis including preand post-operative Oswestry Disability Index (ODI) and Visual Analogue Scale (VAS) scores was performed. Imaging criteria were pelvic incidence, overall lumbar lordosis and segmental lordosis. In addition, the fusion rate was investigated after 6 months. Results Six consecutive patients treated between 2008 and 2011 (4 female, 2 male, mean age 61 ± 7.1 years) were identified. The initially performed surgeries included decompression with or without discectomy; posterior instrumented and non-instrumented fusion. The olisthetic level was in all cases at the decompressed level. All patients were revised with stand-alone anterior interbody fusion devices at the olisthetic level filled with BMP 2. Average ODI dropped from 49 ± 11 % pre-operatively to 26.0 ± 4.0 at 24 months follow-up. VAS average dropped from 7 ± 1 to 2 ± 0. Mean total lordosis of 39.8 ± 2.8°i ncreased to 48.5 ± 4.9°at pelvic incidences of 48.8 ± 6.8°pre-operatively. Mean segmental lordosis at L4/5 improved from 10.5 ± 6.7°to 19.0 ± 4.9°at 24 months. Mean segmental lordosis in L5/S1 increased from 15.1 ± 7.4°to 23.2 ± 5.6°. Cage subsidence due to severe osteoporosis occurred in one case after 5 months, and hence there was no further follow-up. Fusion was confirmed in all other patients. Conclusion Anterior interbody fusion offers good stabilisation and restoration of lordosis in iatrogenic spondylolisthesis and avoids the well-known problems associated with reentering the spinal canal for revision fusions. In this group, ODI and VAS scores were improved.
Introduction
Iatrogenic or acquired spondylolisthesis occurs in 3.7-20 % of cases after posterior decompression or fusion [1] [2] [3] [4] [5] [6] [7] [8] [9] . In particular, mechanical overload, devascularisation and decortication of the pars interarticularis seem to be important factors in developing a spondylolisthesis after spinal fusion [4, 5] . In decompressive surgery, extensive bony resection can lead to post-operative lumbar instability and thus to spondylolisthesis [3, [9] [10] [11] .
Patients suffering from acquired spondylolisthesis after spinal surgery often present with increased back pain and new or deteriorating sciatic symptoms. Posterior lumbar interbody or screw-rod fusions were deemed the gold standard in treating these conditions. The main goal is to increase rotational and longitudinal stiffness over the affected area with slip reduction and to extend decompression if necessary [12, 13] . Posterior re-operations can be challenging due to altered and poor anatomical landmarks as well as scar tissue, leading to injuries to neural structures. The repeat stripping of paraspinal musculature could contribute to the so-called ''fusion disease'' with persistent back pain [14] . In addition, the anterior column, responsible for 80 % of the weight loading, is not addressed biomechanically with posterior fusion devices, leading to decreased fusion rates and a loss of correction in slip angle [14, 15] .
Anterior lumbar interbody fusion (ALIF) offers a virgin approach to the lumbar spine in these cases and addresses the anterior column directly. This procedure offers a complete discectomy, restoration of lumbar lordosis without harming neurological structures and indirect foraminal decompression. Disadvantages include a higher risk of severe vascular and intraperitoneal injuries, limited direct access to neural structures, as well as potential sympathetic plexus lesions [16] [17] [18] . Encouraging results have been published in long-term follow-up for isthmic spondylolisthesis cases [19, 20] . In this study, stand-alone anterior interbody fusion was used as salvage option in patients with iatrogenic spondylolisthesis.
Materials and methods
Patients who received ALIF for iatrogenic spondylolisthesis between 2008 and 2011 were identified. Outcome measures included the Oswestry Disability Score (ODI) and Visual Analogue Scale (VAS). These two scales were recorded pre-operatively and at follow-up 6, 12 and 24 months after surgery.
The radiological investigation included pre-operative MRI scans and standard anterior-posterior and lateral X-rays. The grade of slippage was evaluated according to Meyerding [21] , while pelvic incidence was recorded preoperatively. At 6, 12 and 24 months follow-up, a standard X-ray was acquired. Total lumbar lordosis, measured from the endplate of S1 to the superior endplate of L1, and the segmental lordosis of affected levels (from inferior to superior endplate), were measured pre-operatively and for all follow-ups. The fusion rate was evaluated using plain radiographs. Where unclear, additional computed tomography (CT) was obtained. Fusion was defined as obvious bridging of trabeculae across the disc space.
Results
Six consecutive patients (Table 1) were included (4 female and 2 male) with a mean age of 61 ± 7.1 years (range 52-71 years). Three patients had a decompression and discectomy as initial spinal surgery, while one patient was treated with decompression alone. The remaining two patients had fusion procedures in addition to decompression (one instrumented, one non-instrumented). Details regarding the prior surgeries can be found in Table 1 . The time in between the first spinal surgery and treatment of iatrogenic spondylolisthesis ranged from 12 to 144 months. All patients presented with sciatic symptoms and back pain.
Revision surgery consisted of stand-alone anterior interbody fusion cages filled with recombinant bone morphogenic protein 2 (SnyCage Ò Synthes Paoli, PA, USA; InFuse Ò Medtronic Minneapolis, MN, USA). Two patients were treated with one level ALIF, three with two levels and one patient with three levels anterior fusion. The levels in addition to the olisthetic level were included to improve overall sagittal balance on an individual basis. The mean operative time including anaesthesia was 223 ± 26 min (range 200-300 min) with a mean blood loss of 284 ± 76.6 ml (range 200-400 ml). A summary of the surgical data is presented in Table 2 .
Complications
Patient 5 showed a cage subsidence into the vertebral body of L3 after 6 months due to severe osteoporosis. No further follow-up was therefore possible. A revision posterior instrumented fusion and cement augmentation was later performed (Fig. 1) .
In one patient, an injury of an unusual large middle sacral vein occurred which was managed with vessel ligation. One accidental opening of the peritoneum occurred intra-operatively.
ODI and VAS results
The mean ODI pre-operatively was 49 ± 12 % and dropped to 38 ± 12 % post-operatively. At the first follow-up, the ODI remained at a mean of 38 ± 12 %, but improved after 12 months to 25 ± 7 %. At the last follow-up 24 months after anterior lumbar interbody fusion, the ODI was similarly low with a mean value of 26 ± 3.7 %. The VAS showed a decrease from 7 ± 1 to 5 ± 1 directly after surgery. After 6 months, a mean score of 4 ± 2 was recorded. The 12-month follow-up showed an improvement to a mean of 3 ± 1.2. Again, the score was slightly improved to 2.2 ± 0.4 after 24 months. The individual results are shown in Fig. 2 .
Clinical symptoms
All patients had back pain and sciatic symptoms prior to anterior interbody fusion. Three patients described their back pain as severe, two as moderate and one had only mild back pain. Radiculopathy of L5 occurred in four and S1 sciatica in two patients pre-operatively.
Three patients showed immediate improvement of back pain and radiculopathy after surgery. After 6 months, four patients reported relief of back pain and five reported an improvement of their sciatica. Only Patient 5 showed a worsening of back pain and radiculopathy due to cage subsidence.
After 1 year, all patients reported occasional back pain and two patients had no sciatica at all. No radiculopathy was reported at the last follow-up by any patients, while back pain was unchanged to the 1-year follow-up.
The relief of sciatica and back pain seem to be an effect of the indirect decompression of the implant. Figures 3 and  4 show the pre-operative and post-operative MRI scans at mid-sagittal plain and at the level of the neuroforamen of patient 3.
Radiological outcome
The pelvic incidence measured pre-operatively had a mean value of 48.8 ± 6.8°(range 38.5°-58°).
The total lordosis was increased after the procedure from a mean of 39.8 ± 2.8 (range 36°-44.3°) to 48.5 ± 4.9°(range 38.4°-55.6°). Table 3 summarizes the values for each patient.
The mean L4/5 segmental lordosis increased from 10.5 ± 6.7°(range 1.3°-20.9°) pre-operatively to 19.0 ± 4.9 (range 12.3°-24.2°) at the last follow-up of 24 months.
The L5/S1 segmental lordosis increased as well, from a mean of 15.5 ± 7.4 (range 8.6-25.8) prior to surgery to 23.2 ± 5.6°(range 17.4°-30.1°) after 2 years (Table 3) .
Immediate slippage reduction was achieved in two patients (Patient 1 and 6) from Grade 2 to 1, without reduction loss over the follow-up period. In the majority of the patients, the olisthesis was fused in situ without further slippage at 6, 12 and 24-month follow-up (Table 2) .
Fusion was confirmed in five patients through obvious osseous bridging of the ALIF implant on plain X-ray or CT (Fig. 5) . Discussion Iatrogenic or acquired spondylolisthesis is an uncommon, but well-recognised complication after posterior spinal fusion or decompression. As early as 1963, Harris et al. [5] had published a case series of six patients suffering from acquired spondylolisthesis after fusion of the lower lumbar spine. Their biomechanical work revealed that a rotational moment combined with flexion extension movement might cause a fatigue fracture through the pars interarticularis of the uppermost vertebra of the fused segments. Brunet and Wiley added the concept of adjacent level disc degeneration as a supplementary factor for iatrogenic spondylolisthesis [4] . The authors described the phenomenon of this pathology as an exclusive event after interlaminar fusion, whereas posterolateral and anterior fusions rarely seemed to be the cause. They postulated that decortication of the pars might lead to a deterioration of mechanical properties However, iatrogenic spondylolisthesis may occur even if posterolateral fusion is used [7] . In anterior interbody fusion, the bonegraft is put closer to the rotational axis thereby neutralising the intervertebral In the study by Frymoyer et al. [8] , acquired spondylolisthesis was the only predictable and demonstrable source of failure after spinal fusion in a long-term followup of 45 patients.
In cases of acquired slippage after posterior decompression for degenerative disc disease or spinal stenosis, the amount of bone resection seems to influence the occurrence of spinal instability. Bisschop et al. [22] discovered that laminectomy significantly reduced the shear stiffness in the affected motion segment. In addition, shear yield force and shear force leading to failure dropped after laminectomy. They therefore concluded that these factors could influence the disc geometry and enhance further spinal instability.
The clinical study of Johnsson et al. [1] , however, could not find a correlation between extension of resection and slippage, but a higher olisthesis was seen in patients with a poor clinical outcome. Suzuki et al. showed [3] in their investigation of 35 patients after decompression without fusion that in cases of acquired spondylolisthesis, the decompression was greater and the number of laminae operated on was higher. Decompression over 75 % in width over three laminae was identified as a risk factor. Celik et al. [10] observed an increased spinal instability after total laminectomy, leading to a bilateral microdecompressive approach to reduce this problem. Hong et al. confuted this fact in their study [11] , showing that bilateral decompression also increases the translational stress, thereby increasing the acquired listhesis. In their opinion, a unilateral decompression might reduce the risk of late instability. Maurer et al. [9] postulated a similar theory in their case report, where stress fractures across the pars interarticularis were seen in patients after posterior fusion when a unilateral laminectomy had been performed.
The treatment of iatrogenic spondylolisthesis, however, is still challenging. In a functional outcome analysis, L'Heureux et al. [15] found that a significant functional improvement was seen in patients treated surgically for iatrogenic spondylolisthesis. Hombold treated 12 cases with posterior fusion in his study [6] .
The main goal of spondylolysis fixation is to restore motional stiffness and avoid rotational instability. Posterior fusion techniques, however, need a renewed stripping of the paraspinal muscles, which might contribute to ongoing back pain as described by Zdeblick [14] . In addition, scar tissue and altered anatomical landmarks make the posterior approach especially demanding. Kwon et al. [12] showed a decreased fusion rate with posterior lumbar interbody fusion due to insufficient treatment of the anterior column.
Anterior interbody fusion addresses the anterior column directly. With this method, a complete discectomy can be achieved with an indirect decompression. Ishihara et al. [20] successfully treated patients with stand-alone anterior lumbar interbody fusion in cases of isthmic spondylodesis with a minimum 10-year follow-up. The authors observed good clinical results although the low-back pain score decreased over the time with loss of correction and recurrence of slippage. The loss of correction might have been due to the bonegraft harvesting at the proximate vertebral body. Barrick et al. [19] used anterior interbody fusion in cases of recurrent back pain after posterior interbody fusion or posterolateral fusion. This study reveals better outcome regarding discogenic pain even at the level of posterolateral fusion with confirmed solid spondylodesis.
These investigations encourage the usage of anterior interbody fusion in cases of iatrogenic spondylolisthesis, but no literature is yet published using these devices as a salvage option. In the present study, six consecutive patients were treated with this method; five had a very satisfactory result after a follow-up of 24 months. The two main problems, severe back pain and sciatica, were improved dramatically. All five patients had no sciatic symptoms and even back pain, reported as severe in three patients, were successfully treated. Only one patient with severe osteoporosis showed cage subsidence after 5 months.
In the remaining five patients, the total lordosis as well as the segmental lordosis were improved, resulting in a better sagittal balance restoration. This investigation is limited by its retrospective nature and relatively small case number. As this is a cohort collected in a large tertiary referral centre over several years, it may not be possible to conduct a more formal randomised controlled trial. Anterior spinal surgery requires the availability of appropriately trained surgeons that are capable of dealing with potential complications. The two accessrelated complications could be controlled by the performing surgeon (senior author) who was fellowship trained to perform anterior surgery. However, major vessel complications or perforated intraperitoneal organs should be treated by vascular or visceral surgeons, which might limit the utilisation of anterior interbody fusion devices in departments with unavailable vascular or general surgery support. As seen in one patient of the study, osteoporosis can strongly influence the outcome of anterior interbody fusion. The lack of sufficient structural bone quality might not be able to support the rigid implant leading to cage subsidence in the adjacent vertebral body. Pre-operative bone densitometry could help to avoid this problem.
Conclusion
This study provides encouraging results for stand-alone anterior interbody fusion as a salvage procedure for iatrogenic spondylolisthesis. However, careful patient selection and specific anterior surgical training are needed to avoid Fig. 5 Example of successful fusion after 6 months: patient 2 with pre-operative and followup x-ray severe complications, which might limit the usage of anterior fusion devices in smaller hospitals. Furthermore, long-term follow-up observations are needed to control recurrent slippage and clinical symptoms in these patients. Due to the small numbers of acquired spondylolisthesis, randomised controlled trials are unlikely to be successful. In order to evaluate the efficiency of this treatment method, multicenter studies could solve the problem.
